
FULL PAPER

DOI: 10.1002/ejic.200801254

Chirality in the Photochemical mer�fac Geometrical Isomerization of
Tris(1-phenylpyrazolato,N,C2�)iridium(III)

Kazuyoshi Tsuchiya,[a] Etsuko Ito,[a] Shiki Yagai,[a] Akihide Kitamura,[a] and
Takashi Karatsu*[a]

Keywords: Iridium / Isomerization / Chirality / Photochemistry

Irradiation of the optically resolved mer-∆ isomer of tris(1-
phenylpyrazolato,N,C2�)iridium(III) with 366-nm light in
CH3CN purged by argon at 25 °C gave 59% fac-∆ and 41%
fac-Λ (18%ee) at the end of geometrical isomerization. For-
mation of the intermediate mer-Λ species was not observed,
which is quite characteristic when compared with the corre-
sponding thermal isomerization reaction. This enantiomeric

Introduction

Iridium triscyclometalated complexes have recently at-
tracted significant attention because of their supreme phos-
phorescence performance for OLEDs (organic light-emit-
ting diodes).[1–5] For those materials, understanding of the
behavior of the excited states including radiative and nonra-
diative processes are very important to prepare complexes
with high emission efficiency and stability.

Triscyclometalated complexes such as tris(2-phenylpyrid-
inato,N,C2�)iridium(III) [Ir(ppy)3] have meridional (mer)
and facial (fac) geometrical isomers. The fac isomer is the
thermodynamically controlled product in their synthesis
and is generally strongly phosphorescent, whereas the cor-
responding mer isomer is the kinetically controlled product
and weakly phosphorescent in solution at ambient tempera-
ture. Although several reports on the preparation of mer
isomers have recently appeared for iridium complexes, their
photochemical properties remains unclear.[6,7] Among
them, we are interested in tris(1-phenylpyrazolato,N,C2�)-
iridium(III) [Ir(ppz)3, Scheme 1], as both the mer and fac
isomers give no phosphorescence in solution at ambient
temperature.[6,7] The main reason for this was reported to
be the location of the thermally equilibrated nonradiative
excited state just above the emissive state,[8,9] and the ab-
sence of phosphorescence from the mer isomer is partly due
to the mer�fac geometrical isomerization.[6,7] Ir(ppz)3 is
reasonably phosphorescent in the solid phase, and there-
fore, a blue-emitting OLED device has been fabricated.[10]
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photoisomerization is rationally explained by a mechanism
based on Ir–N bond dissociation at the top or bottom axial
ligand. This reaction mechanism is explained by the poten-
tial energy surface of the triplet excited state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

In addition, Ir(ppz)3 is not only used as a part of a dopant
to give white emission,[11] but it is also used as a material
for electron blocking layer.[12]

Scheme 1. Enantiomers and geometrical isomers in the photochem-
ical isomerization of Ir(ppz)3.

In this work we addressed how the chirality of the mer
isomer is transferred to the fac isomer in the photochemical
mer�fac geometrical isomerization of Ir(ppz)3. Interest-
ingly, we found that the intermediate mer-Λ is not generated
upon irradiation of mer-∆. This cannot be explained by
faster mer�fac isomerization than mer-∆�mer-Λ isomer-
ization, that is, the two processes are not parallel. The isom-
erization seems to proceed through a ligand dissociation–
association mechanism, and as a result, the geometrical
isomerization must accompany the optical isomerization.
Once mer-Λ is produced by the irradiation of mer-∆, both
isomers behave similarly. Thus, selective disappearance of
only mer-Λ does not occur. We propose a plausible mecha-
nism based on DFT calculations.

Results and Discussion

Ir(ppz)3 was synthesized according to the method re-
ported previously.[8] The mer and the fac isomers were sepa-
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rated by using conventional column chromatography, and
both isomers were optically resolved to their Λ and ∆ iso-
mers (isomeric purity �98%) by using semipreparative chi-
ral HPLC. Here, optical isomers having shorter and longer
retention times in the HPLC can be determined as the ∆
and Λ isomers, respectively, by comparing their circular di-
chroism (CD) spectra with those reported for the optically
resolved diastereomeric Ir(ppy)3 derivatives, the chiralities
of which were determined by X-ray crystallography.[13–16]

The CD spectra of the mer-∆, mer-Λ, fac-∆, and fac-Λ iso-
mers in CH3CN are shown in Figure 1. The CD spectra of
the enantiomers showed good mirror images of each other
for both the mer and fac isomers.

Figure 1. CD spectra of enantiomers of (a) mer-Ir(ppz)3 and (b)
fac-Ir(ppz)3 in CH3CN.

Figure 2. (a) CD spectral changes of the enantiomers of mer-∆ and (b) fac-∆ during photoirradiation at 366 nm; (c) UV absorption
spectral change before and after irradiation of mer-∆.
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Each isomer (mer-∆, mer-Λ, fac-∆, and fac-Λ) was irradi-
ated in CH3CN purged by argon by using a 1 cm �1 cm
quartz cuvette by a 366-nm mercury lamp. The isomeriza-
tion can be followed by HPLC, UV/Vis absorption (Fig-
ure 2c), or CD spectroscopy (Figure 2a,b). The enantiomer
excess (ee) values were determined by both chiral HPLC
and CD spectroscopy, and those values essentially matched
within experimental errors.

Surprisingly, the irradiation of the mer-∆ isomer gave
59% fac-∆ and 41% fac-Λ (18%ee) at 25 °C at the end of
geometrical isomerization. When isomerization is followed
by CD spectra, the CD signal decreases in its intensity as
shown in Figure 2a, and it does not completely disappear
even at the end point of the geometrical isomerization
achieved by the 45 s irradiation. Surprisingly, no formation
of the mer-Λ isomers was observed during the geometrical
isomerization (Figure 3). To our further surprise, enantio-
selectivity increased with temperature. Both of the ee and
Φmer�fac values increased as follows: 14%ee, Φ = 0.065 at
–35 °C, 18%ee, Φ = 0.072 at 25 °C, and 23%ee, Φ = 0.073
at 70 °C. This phenomenon occurred similarly for the other
enantiomer, that is, the irradiation of mer-Λ gave 18%ee of
fac-Λ. Then, prolonged irradiation of the enantiomerically
enriched solution of the fac isomers for 700 s gave complete
racemization at all temperatures examined.

Figure 3. Conversion and formation of the optical isomers by irra-
diation and their enantiomer excess values.
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For the understanding of the photochemistry of the tran-

sition-metal complexes including triscyclometalated com-
plexes, Adamson’s empirical rule[17] and VC (Vanquickien-
borne–Ceulemans) theory[18] have been widely applied. The
VC theory quantum chemically extends the selection rule
by using the angular overlap model,[18c,18d] which includes
not only σ-bond interaction but also π-bond interaction be-
tween the central Ir metal and the ligands. Photochemical
substitution reactions of octahedral complexes obeys two
rules: (i) The leaving ligand is located on the axis charac-
terized by the weakest ligand field (LF). (ii) The leaving
ligand on the labilized axis is the one exhibiting the strong-
est LF. In the case of mer-Ir(ppz)3, there are three axes, and
each axis has a pair of terminal coordination of (N,N),
(N,C), and (C,C) to the central iridium atom. Therefore,
the weakest LF combination is the N–Ir–N axis, which is
photoactive. For this axis, both N–Ir bonds are the same,
and thereby, the second rule is negligible.

We recently reported the properties of a series of iridium
triscyclometalated complexes composed of 4-toluylpyridine
(tpy) and 1-phenylpyrazole (ppz) ligands.[7b] The values of
Φmer�fac depend on the kind of axial ligands. Complexes
possessing two ppz ligands such as Ir(ppz)3 and Ir(ppz)2-
(tpy) have higher Φmer�fac (0.12 and 0.072, respectively) val-
ues than Ir(tpy)3 and Ir(tpy)2(ppz) complexes (1.8�10–4

and 2.3�10–4, respectively). These results indicate that the
bond dissociation occurs at the axial ligand, which matches
the above rule, and the reason is not simply that the ppz
ligand is much more labile than the ppy ligand.

In a separate experiment, the irradiation of fac-∆ did not
produce mer isomers but instead produced fac-Λ with a
quantum yield of 0.004 (this is ca. 1/18 of that of the geo-

Figure 4. Plausible isomerization mechanism of chiral memorization in the geometrical isomerization of mer-Ir(ppz)3 through trigonal
bipyramidal intermediates. Central Ir atoms are omitted for clarity. See text for detailed explanations.
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metrical isomerization). This photochemical reaction in-
duced complete racemization (equal amounts of the
enantiomers).

If the reaction starts from the fac-∆ isomer, the CD sig-
nal disappears completely after irradiation for 700 s (Fig-
ure 2b). This reaction may proceed through the Bailer twist
mechanism as proposed for Ru complexes, because the race-
mization quantum yields are of the same order.[19] This inef-
ficient twisting is not the main deactivation process of exci-
tation energy. Nonradiative deactivation via a thermally ac-
cessible dd state might be an important route.[20]

We also tried to rationalize the mechanism of the present
isomerization. Route A and B in Figure 4 proceed by Ir–N1

and Ir–N3 bond dissociations of the axial ligands, respec-
tively, and these reactions proceed through rehybridization
from square pyramidal (SP) to trigonal bipyramidal (TB)
intermediates.[18] On the basis of statistical treatment of this
mechanism, mer-∆ gives 5:8 of the mer-∆ returning and 1:8
of each mer-Λ, fac-∆, and fac-Λ isomer formation. This
product distribution partly fits the experimental result of
the thermal isomerization described later, but does not fit
the photochemical isomerization data described above. To
rationalize our experimental results, we propose a possible
mechanism. The reaction proceeds through the A1 or B1
route (rectangles in Figure 4). An important point is that
the dissociation of the two axial bonds, Ir–N1 or Ir–N3,
results in the formation of different enantiomers of fac-
Ir(ppz)3. Route A2 is difficult because this gives the mer-Λ
isomer, which was not experimentally observed. The differ-
ence between routes A1/B1 and A2/B2 is how the axial axis
is chosen in a TB structure. TB in routes A1/B1 or A2/B2
has N–Ir–C or C–Ir–C axes, respectively. However, there
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Figure 5. If the isomerization occurs through Ir–N2 bond dissociation (equatorial ligand), it does not lead to geometrical isomerization.

are no rational reasons why A2 and B2 cannot occur.
Therefore, the mechanism was modified so that the A2 and
B2 routes proceed through rehybridization from the TB to
SP intermediates. The C–Ir–C axis in TB is difficult to re-
tain because of the strong trans effect. The TB intermediate
rehybridizes to SP; recoordination of the N1 or N3 atom in
the SP intermediate gives the fac isomer. The conversion
from the C–Ir–C to C–Ir–N axis leads only to geometrical
isomerization to form the fac isomer.

Moreover, Ir–N2 bond dissociation (equatorial ligand)
does not lead to geometrical isomerization (Figure 5). Par-
ticipation of solvent molecules after dissociation is ex-
pected, as proposed for the thermal isomerization.[21] Ex-
amination of solvent effects is underway.

This isomerization was examined under thermochemical
conditions. In refluxing dichlorobenzene at 180 °C for 8 h,
chiral HPLC analyses indicated that 69% mer-∆ disap-
peared as a result of 55% ligand (ppz) dissociation from the
complex; the formation of 9% mer-Λ, 1.6% fac-∆, and
2.4% fac-Λ was also observed. Side products were formed;
however, their quantitative analyses were difficult because
of their low solubility. In any case, optical isomerization of
the mer isomer occurred under thermal conditions, and this
is in contrast to the results by photochemical isomerization.

Figure 6. MOs and energy levels of mer-Ir(ppz)3 calculated by UB3LYP/LANL2DZ. Positions of individual atoms in the structures match
those shown in the structure on the left-most side of Figure 4.
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Finally, this plausible isomerization mechanism is ration-
alized by quantum chemical calculations (Figure 6). A UB-
3LYP/LANL2DZ calculation indicates that HSOMO (high-
est singly occupied MO) α-spin-122 and vacant MOs α-123,
124 energies are close. Bond elongation of one of the axial
Ir–N bonds from the optimized structure leads to potential
energy surface crossing to dissociative dd states. These
HSOMO must have antibonding interactions between the
Ir and axial N atoms, which is similar to the recent study
of a decay process involving the tridentate ligand of an Ir
complex.[20] The α-122 HSOMO orbital has metal-to-ligand
charge-transfer character for the fully optimized structure
as shown in Figure 6 (left-hand side), and the structure has
Ir–N1 and Ir–N3 bond lengths of 2.05 and 2.04 Å, respec-
tively, which match the values obtained by X-ray single-
crystal analysis (Ir–N1 2.205 and Ir–N3 2.013 Å).[6] In this
structure, the lowest MO having an antibonding Ir–N bond
is observed at α-132, and this is far above the HSOMO.
However, optimized structures having elongated Ir–N1 or
Ir–N3 bond lengths fixed at 2.80 Å have antibonding α-122
HSOMOs. In these structures, the Ir–N2 and Ir–N3 bond
lengths were 2.14 and 2.27 Å for the former and the Ir–N1

and Ir–N2 bond lengths were 2.46 and 2.15 Å for the latter
structure, respectively. Energy surface crossing as shown in
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Figure 6 leads to bond dissociation of the Ir–N1 or Ir–N3

bond, and this produces Λ-fac and ∆-fac isomers, respec-
tively, as shown in Figure 4.

The shape of the potential energy surface controls the
direction of bond elongation (Ir–N1 or Ir–N3) and finally
the ee values. Calculated potential energies for bond-elon-
gated structures were 2.8 kcalmol–1 higher (Ir–N1 2.80 Å)
and 0.5 kcalmol–1 lower (Ir–N3 2.80 Å) than the energy of
the fully optimized structure. These single-point energy cal-
culation results do not fit the results of the ee values, be-
cause it is preferable to proceed to the B route to give the
fac-∆ isomer. More calculations for the whole potential en-
ergy surface are necessary to obtain, for example, activation
energies in the reaction coordinate. Those detailed calcula-
tions, including TD-DFT calculations, are ongoing in our
group.

Conclusions

In conclusion, ∆–Λ optical isomerization accompanied
in photochemical mer–fac geometrical isomerization was in-
vestigated for optically resolved Ir(ppz)3 in solution. Irradi-
ation of the optically resolved mer-∆ isomer with 366-nm
light in CH3CN purged with argon at 25 °C gave 59:41 fac-
∆/fac-Λ (18%ee) at the end of geometrical isomerization.
The lack of formation of the intermediate mer-Λ species
is quite characteristic in comparison to the corresponding
thermal isomerization process. This photoisomerization is
rationally explained by a mechanism based on axial Ir–N1

or Ir–N3 bond dissociation–rehybridization–recoordina-
tion. Some DFT/UB3LYP calculation results of the triplet
excited state rationally explain the selectivity of this isomer-
ization.

Experimental Section
fac-Ir(ppz)3:[7b] 1H NMR (396 MHz, CDCl3): δ = 7.97 (d, J =
2.7 Hz, 3 H), 7.19 (dd, J = 7.8, 1.1 Hz, 3 H), 6.978 (d, J = 2.1 Hz,
3 H), 6.914 (ddd, J = 7.8, 7.1, 1.6 Hz, 3 H), 6.843 (dd, J = 7.5,
1.5 Hz, 3 H), 6.776 (ddd, J = 7.4, 7.2, 1.2 Hz, 3 H), 6.376 (dd, J =
2.4, 2.4 Hz, 3 H) ppm. 13C NMR (99.45 MHz, CDCl3): δ = 144.2,
139.8, 137.5, 136.7, 125.8, 124.9, 120.4, 110.8, 106.7 ppm. MS
(FAB): m/z = 622.00.

mer-Ir(ppz)3:[7b] 1H NMR (396 MHz, CDCl3): δ = 8.00 (dd, J =
2.4, 0.5 Hz, 1 H), 7.95 (dd, J = 2.9, 0.7 Hz, 1 H), 7.91 (dd, J = 2.6,
0.7 Hz, 1 H), 7.281 (dd, J = 7.7, 0.8 Hz, 1 H), 7.24 (dd, J = 10.0,
0.8 Hz, 1 H), 7.19 (dd, J = 13.7,0.8 Hz, 1 H), 7.15 (d, J = 1.2 Hz,
1 H), 7.05 (dd, J = 7.1, 1.5 Hz, 1 H), 6.99–6.85 (m, 6 H) 6.81–6.75
(m, 3 H), 6.49 (dd, J = 7.5, 1.4 Hz, 1 H), 6.35–6.34 (m, 2 H), 6.30
(dd, J = 2.8, 2.2 Hz, 1 H) ppm. 13C NMR (99.45 MHz, CDCl3): δ
= 152.3, 151.4, 145.9, 144.6, 142.9, 140.1, 139.9, 139.3, 139.0, 135.8,
135.2, 132.6, 126.3, 126.3, 126.0, 125.9, 124.8, 122.4, 121.9, 120.0,
111.5, 110.9, 110.9, 107.3, 107.3, 107.0 ppm. MS (FAB): m/z =
621.89.

DFT calculations were performed with the Gaussian 03 program
by using the B3LYP/LANL2DZ or UB3LYP/LANL2DZ
method.[22]
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